Abstract. Mass spectrometry was used to characterize isotropic and anisotropic pitches as well as the parent heavy petroleum oil in order to investigate the molecular mass distributions (MMD) and changes during the heat treatment process. Sample preparation and matrix choice have a strong influence on MMD and results confirmed the oligomeric nature and the increasing molecular sizes as heat treatment proceeds.
Introduction
Pitches produced from aromatic heavy oils (decanted oils from fluid catalytic cracking, FCC, a unit of Brazilian refineries) are currently used as raw materials for the manufacture of high-technology products. The production of pitches suitable for such applications involves a thermal treatment with the formation of an intermediate phase (mesophase) [1] [2] [3] , resulting in an anisotropic material, that is normally described as having an oligomeric nature. The starting heavy oils are already very complex materials. The hundreds of individual compounds vary in molecular structure, size, polarity, functionality, chemical and thermal reactivity. Generally, these compounds belong to distinct classes of hydrocarbons: polyaromatic (PAHs), alquilated compounds, naphthenics and heterocyclics containing oxygen, nitrogen or sulfur [4] . Accordingly, all these starting compounds undergo a great number of reactions and side reactions towards anisotropic pitch. However, the formation of such anisotropy is mainly a consequence of molecular-size-growing reactions during pyrolysis [5] .
The high-mass compounds produced self-organize to form the tridimensional structures described in the literature [6] .
The characterization of anisotropic pitches in terms of these high-molecular-mass compounds has been extensively studied because of difficulties in the solubilization (even in stronger solvents [7] ) required by the main available analytical techniques. These techniques are unable to analyze the insoluble fractions of some anisotropic pitches. Moreover, the solubility is a function not only of molecular size, but also of molecular structure and polar moieties that may be present as the result of the complexity of the petroleum-derived starting materials [8] . Because of this complexity and the variety of possible compounds resulting from the "polymerization" of hundreds of different "monomers", it is indeed risky to propose average structures, and thus some authors focus on studies of reliable molecular mass values [9] .
The determination of such molecular-size values in pitches is important when it comes to further investigation of all the other properties related to it, such as the softening point, anisotropy and rheological properties, all indispensable to the melt spinning and subsequent processing stages in the production of advanced carbon materials, although it has been a difficult task because of the limitations of the analytical instruments. The traditional technique for molecular-size-distribution measurements, gel permeation chromatography (GPC), in addition to the solubility problem, has some other main drawbacks related to the high aromaticity and heterogeneity of the samples such as the secondary retention mechanisms between PAHs and GPC stationary phases and the need for calibration of the GPC system. Some of the first studies of the polymerization reactions were made by R. Greinke, who proposed kinetic mechanisms based on GPC results [5] . In another paper, the group showed that centrifuged phases of mesophase pitches contain similar molecules with sizes varying from 400 to 2000 Da measured by GPC [10] . Greinke also stated that the polymerization reactions responsible for the molecular growth play a major role in the formation of mesophase, not dealkylation reactions [11] . This molecular growth process would involve primarily molecules in the mass interval 400-800 Da, while molecules with MM above 1100 Da were considered stable [5] . Diefendorf and co-workers stated that volatilization during the heat treatment was more decisive than the polymerization reactions themselves once both isotropic and anisotropic phases contained mesogenic (species capable of forming a liquid-crystal mesophase) and non-mesogenic molecules [12] .
A great variety of solvents have been tested over the years, and NMP has been shown to be the most suitable for pitches and related materials [13] . Several investigations have also been conducted with model polyaromatic compounds in GPC, and it has been concluded that, depending on the solvent and system utilized, the elution was not governed by a molecular size and that highly condensed cores were abnormally retained in the columns [14] . Another study showed that polar compounds were shifted to shorter retention times which could equivocally lead to the detection of apparent highmass materials that were actually aggregates of polar structures [15] . The Herod group studied the effect of the salts addition to the GPC solvent to mitigate the formation of aggregates [16] . Although the amount of work in this area is extensive, solubility issues still remain.
Because of the issues with GPC, mass spectrometric methods (MS) have been investigated within a variety of carbon materials [17, 18] . The most popular mass spectrometric methods for macromolecules are Laser Desorption/Ionization Time of Flight (LDI-TOF) and Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF), the latter referring to the use of a compound (matrix) to absorb laser energy and avoid fragmentation of the analytes, which is particularly interesting when the macromolecule is unstable subjected to laser desorption. The result of this soft ionization is a mass spectrum of the singly-charged molecular ions produced, which is suitable for describing molecular mass (or size) distributions for polymers or petroleum pitches. This mass/size relationship is straightforward for pitches since they are constituted of rigid polyaromatic molecules instead of the random-conformation polymeric chains.
Previous work with a charge-transfer matrix, 7,7,8,8-tetracyanoquinodimethane (TCNQ), showed good results in the analysis of giant insoluble polyaromatic hydrocarbons utilizing a solid sample preparation, without the need of solubilizing the sample [19] . This matrix has also been successfully applied to pitches [20] . Solventfree methods are necessary for petroleum derived samples due to the heterogeneity and great variety of compounds of these materials, leading to differential precipitation during the evaporation of solvents commonly used in solvent-based methods. In addition, the choice of matrix is significantly less restrictive.
In the present work LDI and MALDI are evaluated as ionization methods with the objective of investigating the suitability of the technique and the hardware used according to some polyaromatic standards, precursor heavy petroleum oils and isotropic and anisotropic pitches currently produced at the Army Technological Center.
Experimental

Materials
The model polyaromatic hydrocarbons used in this work -coronene, (molecular mass MM 300), decacyclene (MM 450), 4-methyl-dibenzothiophene (MDBT, MM 198), 1,2-benzo-diphenylene-sulfide (BDPhS, MM 234), 9-methyl-carbazole (MCabz, MM 181), all from SigmaAldrich -were first employed to investigate LDI experiments for the Bruker system utilized, more specifically Bruker patented laser, and to evaluate the effect of the matrices.
The heavy petroleum oil is supplied by PETROBRAS and consists of the bottoms of the fluid catalytic cracking process of PETROBRAS refineries. This heavy oil is used as the precursor of the petroleum pitches so produced and have been extensively analyzed by our group through the open-column pre-fractionation followed by Gas Chromatography-Mass Spectrometry analysis [4] .
The pitches analyzed in this work were synthesized on-site from the heavy oil using a two-stage heat treatment procedure [21] that produces an isotropic pitch (IP) in the first stage followed by the production of anisotropic pitches (AP) from the parent IP by tuning the second-stage parameters. Pitches of variable anisotropy were produced and analyzed.
The MALDI matrices used in this work were obtained from Sigma-Aldrich. Dithranol (DIT), α-cyano-4-hydroxycinnamic acid (CCA), 5-chlorosalicylic acid (CSA), trans-3-indoleacrylic acid (IAA), 2,5-dihydroxybenzene (DHB), 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene] malononitrile (DCTB) and TCNQ were used as supplied, without any modification. All solvents used were of HPLC grade. Tetrahydrofuran (THF) and dichloromethane were supplied by Tedia Brazil.
Instrumentation for MALDI-MS
LDI-TOF and MALDI-TOF mass spectra were recorded using a Bruker Ultraflex III TM MALDI-TOF Mass Spectrometer (Billerica, USA) equipped with a smart beam TM laser operating at a pulse rate of 100 Hz. The ions were accelerated at an extraction voltage of 25 kV at positive mode under continuous extraction while the analyzer was operated in the reflection mode within the ion mass range of m/z 0-5000. The lower mass limit was adjusted to suppress matrix ions in the case of MALDI. The laser irradiation employed was set slightly above the threshold or carefully increased (as a percentage of the maximum power available) so that the molecular mass distributions did not change with any increment. Each spectrum represents a sum of accumulated laser shots acquired by moving the laser target on the sample spot. No additional data treatment was carried out such as smoothing or baseline correction.
MS data were analyzed using Flex Analysis software. The peak detection algorithm performs its own internal baseline correction and noise calculation. Signal/noise values are thus determined for sample peaks. The peak quality factor parameter (QF) mentioned in this work describes the reliability of a peak as a composition of peak intensity and consistency with known isotopic patterns, and it is also calculated by the software.
Sample Preparation for MALDI-MS
Because of their insolubility, the solvent-free method [19, 22] was used for the pitches. Solid analytes and solid matrix were mechanically mixed and alternatively ground using an agate mortar/pestle or milled in a ball mill without addition of any solvent for 2 min at room temperature. After the milling step in the ball mill, the small grinding jar was placed in a vortex shaker for additional 2 min. The process was performed using a miniature ball mill (Wig-L-Bug 3110B, Crescent Dental Co) and stainless steel grinding jars and balls. Sample and matrix were mixed in 1:1 to 1:20 ratios. The solvent-free method minimizes miscibility problems and also avoids segregation of insoluble compounds that would not be analyzed otherwise. However, it is a matrix-consuming method since there is a minimum sample size requirement for effective grinding. 1-5 mg of sample and 10-40 mg of matrix were used for the 5 ml jar.
The resulting fine homogeneous powder (approx. 1 µm) was then pressed on the stainless steel MALDI target plate with the help of a spatula. The sample surface was then gently blown with nitrogen to remove non-attached solids.
PAHs were prepared by the standard dried-droplet method. Approximately 1µl of each solution of PAH in dichloromethane or THF (10 mg/ml) was spotted on the sample plate and the solvent was left to air-dry. Alternatively, for MALDI analysis, PAH solutions were spotted above a pre-deposited layer of matrix or premixed with matrix solutions (20 mg/ml) then spotted on the sample plate. The heavy oil is a highly viscous sample and was simply placed on the MALDI plate as a thin film or placed by the dried-droplet method after being dissolved in dichloromethane.
Results and Discussion
At present, the main quality control of petroleum pitches is still their physico-chemical properties. The physico-chemical analysis performed on the samples is summarized in Table 1 . From the pitches synthesized, it can be noted that the increase in the anisotropy is mainly accompanied by an increase in the density and the insoluble contents. This is expected because anisotropic moieties are formed by stacked aromatic cores and are believed to contain larger molecules, which also account for the lower solubility. PAHs present in heavy oils and pitches are particularly suitable for laser desorption ionization because of the presence of aromatic π-electron conjugated systems which can effectively absorb the energy of the laser. For this reason, they lose an electron to form radical cations (A •+ ) rather than the usually observed cationized species [26, 27] . These aromatic π-electron conjugated systems are also responsible for the intermolecular interaction during the desorption process. Thus, one advantage is that because MALDI technique allows soft ionization, the PAH analyte can be detected without fragmentation as long as the laser power is adjusted only slightly above the threshold of ion production. At the same time, lower laser energies can prevent the aggregation behavior of PAHs which is a major concern in the determination of molecular mass distributions in petroleum and coal-derived materials. The higher the electronic density of condensed planar aromatic structures, the higher the tendency for aggregation in LDI-TOF-MS [27, 28] . It has also been shown that alkyl-substituted aromatics show less aggregation behavior than unsubstituted parent [28] .
For this reason, it is always safer to use a matrix to disperse the analytes and prevent or reduce the intermolecular interactions (which lead to aggregation and formation of clusters), although some authors state that pitches have their own self-matrix, that is, the lower MM compounds serve as matrix for the higher MM compounds [9] .
The search for a good matrix is essential and is the first step in performing a MALDI analysis for any type of sample. Some matrices can aid the desorption/ionization process, while others can simply ruin it. For example, the use of dithranol -a common matrix for polymers -with coronene in our system led to the formation of fragmentation and clustering species that appeared in the spectrum as intense peaks (Fig. 1b) below and above the molecular ion (m/z 300). However, when LDI was performed, little fragmentation and aggregation were observed at the same laser power (Fig. 1a) . No peaks were observed either when IAA was used. Coronene, which is a pericondensed PAH, is suitable for LDI in our MS system. Nevertheless, even without a matrix, when the laser power was increased, severe aggregation was noted. The best matrices for this PAH were DCTB (S/N 150.6 and QF 2579) and TCNQ (S/N 1239.7 and QF 11853), which are charge-transfer matrices, the latter presenting the higher S/N ratio and quality factor compared with LDI (S/N 140.3 and QF 940). It is important to note that the resolution of the peaks is maintained high enough, around 6000.
Decacyclene, which has a less condensed aromatic core, with five-member ring moieties, showed different behavior. When laser power was increased in LDI, some well-defined clusters appeared (Fig. 2a) . However, instead of a monomer/dimer/trimer/etc behavior, as shown in the literature for some common PAHs [27, 28] , decacyclene also showed some intermediate cluster ions in LDI, which can be an indication of side reactions within the desorption plume instead of just two or three analyte molecules being pushed together and ionized. With the use of DHB, for example, as the matrix, the clustering was efficiently inhibited at even higher laser powers (Fig. 2b) showing the main reason of using the matrix. This was equally true for DCTB (S/N 346.8 and QF 3983) and TCNQ (S/N 2515 and QF 3288). This suggests that MALDI is indeed a complex event, especially for the highly heterogeneous, complex petroleum materials that are composed not only of neutral PAH, but also of heterocyclic PAH and compounds with naphthenic moieties that may influence the desorption/ionization mechanisms of each other. The sulfur heterocyclic PAH methyl-benzothiophene (MDBT-MM 198) is a major component of Brazilian heavy oils used as precursors to pitches [4] . In our experiments, MDBT did not ionize satisfactorily in our system either by LDI or by MALDI, with some common matrices tested -CSA, DHB, DIT, IAA and CCA. However, when TCNQ was used, an intense, sharp peak (with its isotopic distribution) was observed in the clean spectrum (Fig. 3d) . No spectra were observed with the other matrices except for IAA, which showed some other ghost peaks (Fig. 3c) . With these matrices, the laser energy threshold value was found to be around 35 %, but with a noticeable number of other peaks instead of m/z 198. With TCNQ, even at lower laser power (10 %) a sharp peak was observed. This indicates that TCNQ as a charge-transfer compound not only prevents fragmentation or aggregation, but also improves ionization, as indicated by the high intensity of the peak even at low laser power. The LDI spectra of the other sulfur PAH, 1,2-benzo-diphenylene-sulfide (BDPhS) also showed no peaks. Accordingly, the use of TCNQ as the matrix also provided an intense peak of the analyte BDphS with no additional peaks (S/N 491.0 and QF 11206). DCTB, the other charge-transfer matrix, also succeeded in ionizing BDPhS but couldn't achieve the spectral quality of TCNQ (S/N 172.7 and QF 5009) (Fig. 4) with the presence of many other peaks. The same behavior was observed with the pyrrolic nitrogen PAH, 9-methyl-carbazole (MCabz -MM 181). The use of TCNQ produced again a sharper, more intense peak with S/N 268.1 and QF 3063 ( LDI enabled investigation of the first molecular growth reactions that occur during the heat treatment of precursor heavy oils to produce petroleum pitches. As observed by another research group with their pitches [20] , the petroleum pitches produced from the Brazilian heavy oils that were used in our work also exhibit an oligomeric nature. This can be particularly observed in Fig. 6 , where it can be seen that a new group of ions begins to appear right after the first stage of heat treatment of the precursor heavy oil. The isotropic pitch was tested with other matrices such as CCA and DHB, but no spectrum was obtained.
In our experiments, TCNQ generated much richer, higher-quality spectra than the conventional matrices. It was especially effective in mitigating the intense aggregation observed in our pitches. LDI experiments with an anisotropic petroleum pitch (AP) produced from the parent IP are shown in Fig. 7 . The clear evidence that the quality of the spectra is much lower with respect to IP can be attributed to the higher cohesion of the AP molecules that can decrease the ionization efficiency. At lower laser energies, a few peaks with low intensity and high noise were observed because of the poor ionization. As the laser energy was increased, one could observe the peaks continuously growing in intensity on the spectrum. At 30 % of maximum laser energy, the oligomeric molecular mass distribution pattern was formed. However, a poor signal-to-noise ratio could still be noticed. As laser energy continued to increase, the initial pattern began to disintegrate and the aggregation behavior could be seen above 1000 Da.
However, when TCNQ was used for the sample preparation, no aggregation was observed (no changes in the mass distribution pattern) for higher energies, and sharp, intense peaks were obtained (Fig. 8) , resulting in an overall enhancement of the ion signals. Furthermore, at lower energies, the oligomeric pattern was already noticed, and the laser threshold was decreased compared to LDI which also contributes to avoid the aggregation effect. The overall signal-to-noise ratio of the experiment with TCNQ and 20 % laser energy was improved (S/N 7.3) in comparison with 30 % laser energy experiment of Fig. 7 (S/N 1.5) as well as the ion intensities, which were significantly increased with the presence of the matrix TCNQ. As laser energy was increased, the intensity of the peaks rose accordingly, with no changes in the molecular Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua mass distributions. At excessive energies, the aggregation behavior began to appear. Nevertheless, this is not a problem as one should always keep the laser energy low enough and just above the ion threshold. TCNQ, thus, proved to be a suitable matrix for the petroleum pitches produced onsite. As heat treatment proceeds, pitches from the first stage (IP) are fed to the second preparation stage and molecular growth reactions continue, producing anisotropic pitches (Fig. 9) . The mass spectrometry technique can show the basic differences in MM between the pitches and the changes they suffer during the heat treatment. It can be observed that, for the set of pitches analyzed in this work, the main difference is the increasing content of the second group, centered on 550 Da, as the heat treatment progresses. At the same time, the first group, most abundant in the heavy oil and the IP, continuously decreases in content.
If two first "oligomeric group" mass intervals are defined as 150-400 Da and 400-650 Da, the relationships between the weighted intensity (area sensitive) of the first and the second interval (R 12 ) for the pitches IP, AP1 and AP2 are, respectively: R 12 = 10.54, R 12 = 0.51 and R 12 = 0.22. This behavior was also observed in two pitches produced in the same batch but sampled at distinct reaction times: initial pitch R 12 = 0.30 and final pitch R 12 = 0.10 (spectra not shown). Calculations must use the areas of the peaks instead of the relative intensities once the peak density is higher for the second group (Fig. 10) . This can be explained by the combinatorial nature of the monomer molecules reactions, once it is known in the literature that the possible main mechanism of molecular growth is through the formation of free-radicals [29] . Molecular masses no higher than 1500 Da were observed in these experiments.
The appearance of a third group in the spectra of the anisotropic pitches (650-900 Da) is also evident. The proportion of the third group in Fig. 9b and 9c with respect to the entire weighted distribution was similar for both pitches (AP1 = 0.10 and AP2 = 0.11). This fact was likewise observed in an experiment with two other anisotropic pitches also produced from the same IP under different conditions (AP3 and AP4 -properties in Table 1 ). For these pitches, each toluene-insoluble fraction (IT), obtained by the ASTM D4312 method, were also analyzed. The first two groups of the mass spectra of the two whole pitches exhibit the same behavior as the other experiments. The progress of the heat treatment withdraws the smaller molecules of the first group originating from the parent heavy oil. From the third group, it appears, for our set of pitches, that the proportion of the compounds with molecular masses higher than 700 Da is maintained (Figs. 11a and b) . This is also evident in both respective tolueneinsoluble fractions (Figs. 11a i and b i ). Although these pitches have different values of anisotropy and IT, their fractions present the same broad molecular weight distribution, as similarly noticed by Greinke and Singer [10] for isotropic and mesophase fractions of petroleum pitches of different mesophase content. In our case, the fractions in terms of solubility of both anisotropic pitches have also similar molecular masses (Fig. 11) , with exclusion of the lighter compounds (non-mesogenic compounds). Furthermore, MALDI was performed on the isotropic and anisotropic phases of pitches AP1 and AP2. The phases were separated by centrifugation as described in another paper by our group [25] . The spectra show the presence of essentially the same molecular mass distribution in both phases for both pitches (Fig. 12 ). Diefendorf and co-workers, who investigated mesophase formation as a selective physical separation of mesogenic and non-mesogenic species [12] , already mentioned at that time of the existence of both such species either in an isotropic pitch or in a mesophase one [12] . The existence of the same molecular sizes in both centrifuged phases of our work is feasible since 100 % isotropic pitch IP already contains some amount of the second group, attributed to mesogenic compounds.
From the results it appears that during the heat treatment these medium-sized molecules belonging to the group centered on 550 Da can exist in the isotropic phase or the anisotropic phase and are transferred from one to the other; or they eventually polymerize to form the latter oligomeric groups.
Conclusions
We have demonstrated the use of Matrix-Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF-MS) for the analysis of heavy petroleum oils and pitches produced at the Army Technological Center. Characteristic oligomeric distributions were obtained for all pitches analyzed. Mass spectrometry provides a versatile and fast method for desorption and analysis of intact ions and, thus, for the observation of molecular weight distributions in the materials presently produced by the research group. Charge-transfer matrix 7,7,8,8-tetracyanoquinodimethane (TCNQ) has been established as an excellent choice for the analysis of pitches because of its capacity to enhance ionization of polyaromatic hydrocarbons (because of its electron acceptor character) and of promoting ionization of different classes of compounds also present in pitches such as sulfur and nitrogen compounds. It was observed that increasing the laser power results in an increase in the aggregation of the molecules in Laser Desorption/ Ionization (LDI) due to the high density and cohesion of the molecules in the solid sample, particularly in anisotropic pitches. Molecular information can already be obtained at lower laser fluencies by dispersing the analyte molecules into a proper matrix. Some matrices were tested with standard polyaromatic hydrocarbons and pitches and it was shown that TCNQ was the only one capable of effectively ionizing the sulfur compounds and preventing the aggregation behavior of the samples.
